Abstract

1
During anaerobic growth of Escherichia coli, pyruvate formate-lyase (PFL) and lactate 2 dehydrogenase (LDH) channel pyruvate towards a mixture of fermentation products. We have 3 introduced a third branch at the pyruvate node in a mutant of E. coli with a mutation in pyruvate 4 dehydrogenase (PDH*) that renders the enzyme less sensitive to inhibition by NADH. The key 5 starting enzymes of the three branches at the pyruvate node in such a mutant, PDH*, PFL and 6 LDH, have different metabolic potential and kinetic properties. In such a mutant (strain QZ2), 7 pyruvate flux through LDH was about 30% with the remainder through PFL indicating that LDH 8 is a preferred route of pyruvate conversion over PDH*. In a pfl mutant (strain YK167) with both 9 PDH* and LDH activities, flux through PDH* was about 33% of the total confirming the ability 10 of LDH to outcompete the PDH pathway for pyruvate in vivo. Only in the absence of LDH 11 (strain QZ3), pyruvate carbon was equally distributed between PDH* and PFL pathways. A pfl 12 mutant with LDH and PDH* activities as well as a pfl, ldh double mutant with PDH* activity 13 had a surprisingly low Y ATP (about 7.0 grams cells per mole ATP ) compared to 10.9 grams cells 14 per mole ATP for the wild type. The lower Y ATP suggests the operation of a futile energy cycle 15 in the absence of PFL in this strain. An understanding of the controls at the pyruvate node during
Introduction
1
In Escherichia coli as well as in other aerobic organisms, sugars such as glucose are 2 metabolized in two separate steps; glycolysis that converts glucose to pyruvate and TCA cycle 3 enzymes that oxidize acetyl-CoA to CO 2 (5, 9). The enzyme pyruvate dehydrogenase complex 4 (PDH) connects the glycolytic reactions to TCA cycle enzymes by catalyzing the production of 5 acetyl-CoA from pyruvate. Because of its unique central role in metabolism, PDH is regulated 6 both at the genetic and biochemical level (7, 12, 27, 33, 34) . The NADH generated during the 7 complete oxidation of sugar is reoxidized to NAD + by O 2 through the respiratory electron 8 transport pathway with accompanying energy production (11) . Optimum coupling of these conditions) forces the bacterium to minimize the contribution of the TCA cycle enzymes to that 13 of biosynthesis from that of catabolism (4, 14) . Under these conditions, pyruvate or acetyl-CoA 14 derived from pyruvate serves as the electron acceptor (reduced to lactate and ethanol, 15 respectively) to maintain the redox balance. The enzymes responsible for redox balance in 1 to an increase in glycolytic flux (19) . Conversion of pyruvate to acetate and ethanol yields an 2 additional ATP per glucose suggesting that this would be the preferred route for pyruvate 3 oxidation during anaerobic growth. This is accomplished by the pyruvate formate-lyase (PFL) 4 dependent production of acetyl-CoA and further conversion to acetate (Fig. 1 ). This preference 5 fro PFL has been demonstrated with several bacteria under carbon limitation condition either 6 imposed in a chemostat or in the presence of a poor carbon source (10, 20, 23) . This additional 7 ATP also elevates the ATP yield per glucose to 3 with an increase in growth rate and has been 8 shown to be essential for anaerobic growth of E. coli in xylose-mineral salts medium (13).
9
Absence of this third ATP in a pfl mutant was reported to increase glycolytic flux to lactate to 10 compensate for this decrease in ATP yield per glucose (39).. However, flow of pyruvate carbon 11 to acetate is tempered by the need to maintain redox balance and this is achieved by the 12 conversion of a second acetyl-CoA to ethanol by ADH-E. Under conditions of energy excess due 13 to declining growth rate, lactate production is expected to support redox balance maintenance 14 without the additional ATP from the PFL-ADH-E pathway (Fig. 1) . Production of this mixture of 15 products in appropriate ratio helps to maintain the redox balance under anaerobic condition while 16 also maximizing the ATP yield per glucose to support high growth rate and cell yield.
17
A PDH-based fermentation reaction to ethanol that can also help maintain cellular redox 18 balance in an anaerobic cell has not evolved in E. coli or other closely related bacteria. The PDH 19 activity is inhibited by NADH, normally found to be higher in anaerobically growing culture 20 compared to an aerobic culture (12, 18, 34, 35 The PDH* serves as the first enzyme in a pathway that oxidatively decarboxylates pyruvate 9 to acetyl-CoA and NADH followed by reduction of the acetyl-CoA by alcohol dehydrogenase to 10 ethanol in a two step process using 2 NADHs (Fig. 1) . The NADH produced during conversion 11 of ½ glucose to acetyl-CoA dictates that the acetyl-CoA generated by PDH is used for redox 12 balance (ethanol) and not for ATP generation (acetate), unless some of the NADH is used for 13 biosynthesis by the growing cell (17 buffer (pH 7.5) and resuspended in 5 ml of the same buffer. All operations were conducted at 4°C.
5
Cells were passed through a French pressure cell at 20,000 psi. The crude extract was centrifuged 6 first at 10,000 x g for 30 min and the supernatant was further clarified by centrifugation at 30,000 7 x g for 60 min. The supernatant was used for enzyme assays. 8 PDH activity was determined by monitoring pyruvate-dependent reduction of NAD + at 340 9 nm ( = 6,220 M -1 cm -1 ) at room temperature, as described previously (18) . LDH activity was 10 determined by measuring pyruvate-linked NADH oxidation at 340 nm (43). ADH-E activity was 11 assayed by measuring the increase in absorbance at 340 nm resulting from reduction of NAD + in 12 the presence of ethanol (http://www.worthington-biochem.com/ADH/assay.html). One unit of 13 enzyme activity is one µmole of product produced min -1 .
14 Total RNA was extracted from the same cultures used for enzyme activity determination and 15 specific mRNA level in the RNA sample was determined as described by Kim et al. (18) . suggests that PFL-produced acetyl-CoA is the precursor for these two products. This is also 8 confirmed by the specific rate of productivity of formate that is the combined rates of acetate and 9 ethanol production, a measure of the PFL pathway. The specific rate of lactate production (26.1 10 mmoles h -1 (g CDW) -1 ) during this growth phase was about 50 % of the formate production rate.
11
Presence of lactate in the fermentation broth suggests that a significant fraction of reductant 12 generated during glycolysis was channeled to reduce pyruvate to lactate to maintain redox 13 balance. An interesting observation is the absence of PDH*-based acetyl-CoA production in this 14 culture since this acetyl-CoA can be converted to ethanol while also supporting optimum redox 15 balance (17, 18). Although PDH* requires NAD + for activity in contrast to LDH, a coupled 16 PDH* and ADH pathway (pyruvate to ethanol) does oxidize one net NADH, as does LDH (Fig.   17 1). However, in vivo, LDH appears to be the preferred enzyme for NADH oxidation in the cell. 18 In support of this pyruvate flux distribution, the PDH activity of strain QZ2 (0.14 unit mg 19 protein -1 ) was found to be only about 30% of an isogenic "wild type" strain PMD23 (0.46 unit 20 mg protein -1 ) ( Table 2 ).
Pyruvate flux in strain YK167 that only produces LDH and PDH* and not PFL activity was 1 also directed towards LDH and not PDH* (Fig. 3B ) and the PDH activity of this culture was only 2 slightly lower than the value obtained with strain PMD23 (Table 2) to the other two strains with LDH activity (strains QZ2 and YK167; Fig. 3A, 3B ). This lower rate 2 of glucose consumption of strain QZ3 compared to strain QZ2 suggests that PDH* and PFL are 3 rate-limiting at the pyruvate node. This is in agreement with the observation that pyruvate was 4 detected in the broth of only strain QZ3 among the three strains tested (Fig. 3) Introducing an active PDH into strain PMD23 through the lpd101 mutation (PDH*; strain 9 QZ2) did not significantly alter the glucose flux through the three enzymes (Tables 3 & 4) . This 10 lack of carbon flux through PDH* in a strain with active LDH is in agreement with the batch 11 culture experiments (Fig. 3A) and suggests that the LDH is the preferred enzyme in E. coli to 12 support redox balance.
13
Strain QZ3 lacking LDH activity (PFL + and PDH * ). Deleting the ldhA gene (strain QZ3) 14 forced about 50% of the pyruvate carbon through PDH* (Tables 3 & 4) . This can be seen by the 15 higher ethanol production rate over that of acetate. Since the PFL-based reactions yield an 16 acetate to ethanol ratio of 1.0, the additional ethanol produced by stain QZ3 is expected to come 17 from the PDH*/ADH pathway (Fig. 1) . In strain QZ3, the amount of carbon diverted to PDH* values of 12.9 and 13.6, respectively) ( 
Strain SE2382 lacking both LDH and PFL activities (PDH*). Glucose flux in Strain SE2382
9 that lacks both PFL and LDH activities was slightly lower than strain QZ3 (∆ldh) but was 10 reduced by about 50% compared to strain YK167 (ldh + but ∆pflB) ( Table 2 ). Pyruvate flux 11 through the PDH* in strains YK167 and SE2382 was similar suggesting that the loss of LDH 12 activity in strain SE2382 due to mutation is the primary reason for the decrease in glucose flux. 13 As expected, the lower rate of glycolysis in strain SE2382 led to lower cell mass in steady state 14 cultures. value for strain YK1 (4.9) was the lowest of the strains investigated. 10 It is known that flux through PFL would lead to ATP production that is essential for 11 increasing growth rate of an anaerobic culture (13, 19, 39) . Under the redox balance condition, 12 the reactions in Fig. 2 can be used to maximize ATP production with linear optimization. The at the pyruvate node towards lactate production for redox balance. One possibility is that the 10 ADH is rate-limiting and the accumulation of acetyl-CoA is inhibitory to PDH* activity (33). In 11 strains PMD23, QZ2, YK167 and SE2382, the overall flux through ADH (step J11, Table 3 
All strains are derivatives of E. coli K-12 strain W3110, a nearly wild type strain deposited by J. 4 5 Lederberg, unless noted otherwise (BW25113 and YK98). strains based on the genotypes, phenotypes and enzyme activities in the extracts. Although PDH* also produces acetyl-CoA (reaction J9), due to NADH production, most of this 6 acetyl-CoA was assumed to only flow through reaction J11 to maintain redox balance. 
